The differential cross-section of neutrino interaction with dense and warm electron gasses has been calculated by taking into account the neutrino electromagnetic form factors. The significant effect of electromagnetic properties of neutrino can be found if the neutrino dipole moment, μ ν , is ≥ 5.10 -9
Introduction
The neutrino interaction in hot and dense matters is very important tools to study the behavior of the neutron star and supernova, because neutrino is the most accurate information messenger about the state in the core of the star (see Refs. [1] [2] and references therein). According to the standard model of particle physics, neutrinos are neutral particles and have no mass. They interact with other particles only through weak interaction. But in fact, the experimental observations and the observations from terrestrial sources indicate that neutrino has indeed a small mass, i.e. smaller than 5.7 eV [3] . Neutrino has also a dipole moment [4] and charge radius [5] . These facts indicate that neutrinos can interact with other particles not only through weak interaction, but also through electromagnetic interaction.
The neutrino differential cross section and mean free path in matters calculations by taking into account the electromagnetic form factor correction for matter consist of a variety of constituents in the zero temperature approximation has been studied previously in Refs. [6] [7] . The results have been developed in this work for special case, i.e. for electron gasses by generalizing the calculation into finite temperature situation. It is worth note-taking that, for the case of finite temperature, the correlations among the target electrons within the random phase approach (RPA) framework are needed to be taken into account. Effect of the effective mass of the photon in the medium should be also considered. Retardation factor should be added to the tensor polarization of the target particle. Pauli blocking effect which limits the possibility of the outgoing particle states should be also considered. The latter effect is known to significantly decrease the differential cross-section of neutrinos [1] . Based on the fluctuation-dissipation theorem which requires the interaction should be invariant in respect to the inversion of space, the detailed balance factor is also needed to be taken into account [8] [9] [10] . These mentioned effects together with the effects of neutrinos electromagnetic form factors are the main focus of this investigation.
This paper is organized as follows: In Sec. 2, the analytical results of the scattering cross-section neutrino interaction with electrons gas are given. Sec. 3 contains the discussions of the results from numerical calculations while the conclusion is given in Sec. 4.
Methods
In this section brief explanations of the neutrino electromagnetic form factors, the cross-section of neutrino interactions with electron in vacuum as an illustration before entering into the cross-section of neutrino interactions with electron in the electron matters as well as the cross-section of neutrino interactions with electron in the electron matters calculation itself, are given.
Neutrino electromagnetic form factors. Although neutrino is a neutral particle, but we can assumed that neutrino is not a point particle so that it can have a charge distribution. Therefore, as the further consequence, the neutrino form factors are not equal to zero for q ≠ 0 [11] [12] . Matrix elements of electromagnetic current between the initial state v i with momentum k i and the final state v j with momentum k j of Dirac neutrinos is,
where
. f 1ν , g 1ν , f 2ν and g 2ν are the Dirac, anapole, magnetic and electric form factors respectively [5, 13] , and q is momentum transfer.
The average of neutrino charge radius is given by the second term of the expansion in the Dirac and anapole neutrino form factor f(q 2 ) in respect to q 2 [11] [12] . For the Dirac form factor, the squared vector charge radius of neutrino is 〈r ν 2 〉 = − 6f 1ν (0), while for the anapole form factor, the squared axial-vector charge radius of neutrino is 〈r A 2 〉 = − 6g 1ν (0). Thus, 
R is a quantity that can be observed experimentally.
According to Ref. [11] [12] , the charge radius of neutrino predicted from Kamiokande solar neutrino analysis is 〈R Scattering of neutrino with electron in a vacuum condition. The relevant Lagrangian interaction of the Weinberg-Salam theory on the state with momentumtransfer which is much smaller than the mass of the weak gauge bosons can be represented in the form of effective contact of four-point interactions. So the Lagrangian density for neutrino-electron interaction of neutral current (Z 0 ), charged current (W ± ) and electromagnetic current contributions can be comprehensively written as, MeV -2 is the weak interaction coupling constant, and α = e 2 /4π ≅ 1/137 is the electromagnetic fine structure constant. Transition matrix for the weak interaction of Eq. (4) is [16] 
Vertex form γ μ (1+γ 5 ) means a violation to conservation of parity term is present. While the transition matrix for the electromagnetic interaction is
The above transition matrices contain information of the interaction in the scattering process. The square of the transition matrix (M 2 ) is the interaction probability to obtain a final state after the passage of the projectile particle hits targets during interaction process. The probability of interaction is proportional to the differential cross-section (dσ ∝ M 2 ). Since the transition matrix of the total neutrino-electron interaction is M Total = M W + M EM then the differential cross-section can be written [6] ,
The contribution of weak interactions is
for the electron current, and
for the electron current, and 
for the electron current, and Scattering of neutrino with electrons in a medium. In a medium, a quite number of electrons are involved so that the L μν current should be modified by medium effects [17] . In this case, the electron current used in vacuum replaces by the electronic polarization tensor
The explicit form of polarization tensor will be discussed in this section. Index I here means an imaginary component. In scattering of neutrinos with the electron gasses, electron gasses should be considered as a many-body system. Collision of neutrino with one target-electron of the electron gasses, cause an interaction between the target-electron with surrounding electrons. The sum of all possible circumstances of such interaction is taken into account in polarizations. Generalization of Eq. (7) for the differential cross-section equation of neutrino-electron scattering in dense medium at finite temperature, with the addition of several correction factors and correlations can be calculated. The explicit form of the differential cross-section equation is [16] ,
With E ν and E' ν is the neutrino energy before and after scattering, μ ν is neutrino chemical potential, T is temperature and q 0 and q μ is energy and four momentum transfer, Π αβ
-1 is the detailed balance factor [8] and
is the Pauli blocking factor [8] . These three factors above should be included for finite temperature calculation. And in many-body calculation, RPA correlations and photon effective mass is also taken into account.
The effective photon mass correction is [18] ,
where m t 2 is the effective photon mass [19] ,
where f ± (E) = [1+exp(E∓βα)] -1 . In addition to the photon effective mass, the effect of anti-particle factor (f -(E)) is also significant in this polarization because the particle target in this paper, i.e. an electron, has a quite small mass. Anti-particle effects on the polarization can be seen more clearly later in Eq. (23).
A common form of the tensor polarization of the electron gasses (Π μν ) from Eq. (14) is
Polarization can be divided into 3 parts, the first is vector polarization (~F μν V ), the second is vector-axial polarization (~F μν VA ) and the third is axial polarization (~F μν A ) .
Vector polarization consists of two components which are not mutually dependent, i.e. longitudinal polarization (Π L ) and transverse polarization (Π T ) [16] . While the vector-axial section produces vector-axial polarization (Π VA ) and the axial section produces axial polarization (Π A ). Furthermore, the components of polarization tensor of electron gasses above can be derived from Eq. (17), the result is [16] 
s=1 for the longitudinal, transverse and axial polarization and -1 for the vector-axial polarization. We can also write (23), where F + is the particle contribution while F -is anti-particle contribution. Eqs. (18)- (21) agrees with the results found in Refs. [8] [9] [10] .
The form of neutrino tensors in medium is the same as the one in vacuum, in which they also do not depend on temperature. Explicit forms of the tensor of neutrinos for weak interaction, electromagnetic interaction and interference in Eqs. (9), (11) and (13) can be seen in Ref. [16] . 
Contraction for electromagnetic interaction, only consists of the vector 
), ( and .
RPA polarizations propagator expressed as a sum of several Feynman diagrams. These diagrams are a set of all ring diagrams, where the particle-hole excitations are automatically taken into account [17] . Explicit form of RPA correlations on the polarization can be obtained by solving the Dyson equation, the explicit expression can be found in Ref. [16] .
Explicit forms of real and imaginary components of polarization for zero temperature can be obtained in Refs. [21] [22] , and the real polarization components for finite temperatures can be found in Ref. [9] , and for imaginary component, they are already shown in Eqs.
(19)- (21) . This is the main analytical results of this work. In the following sections, the numerical results and discussion will be given.
Results and Discussion
In this section, first, the polarizations and cross-section will be discussed for the case of an electron in medium that are not correlated (linear response approach) in detail. After that, the analysis of the RPA correlation effects on electron medium, as well as the effective photon mass effects in the medium will be given. The differential cross-section of neutrino interactions with an electron at fixed temperature T = 40 MeV, for the contribution of weak interaction, electromagnetic interaction, interference and the total of all the interactions, are shown in Fig. 2 . For finite temperature (T > 0 MeV), there are several factors need to be considered, namely the retardation, Pauli blocking and detailed balance, because the effects are indeed quite significant. In the left panel of Fig. 2 , the thick line shows the influence of retardation factor, the dotted line to show the influence of detailed balance factor and the dashed line shows the effect of Pauli blocking factor in the total cross-section. It is important to note here that the detailed balance factor raises the value of differential cross-section, but otherwise the Pauli blocking factors suppress the magnitude of differential cross-section. The total effect of these two factors is increasing the magnitude of the differential cross-section value. So if the temperature of the medium (electron matters) was raised, then the differential cross-section of neutrino-electron scattering in the medium was also increased. This finding can be understood because when the temperature was raised the electrons in the medium becomes more energetic, so that the possibility of interaction of neutrinos with electrons becoming more frequent. This will increase the magnitude of the cross-section because as already mentioned before the effect of detailed balance and Pauli blocking factors increase the cross-section. The significant increase in value of transverse and longitudinal polarization caused by increasing temperature is the reason. This can be also seen more clearly in Fig. 3 where the differential cross-section of neutrinos with electron matters for fixed density and various temperature are shown. While on the right panel of Fig. 2 , it is shown the contribution of weak, electromagnetic interaction and interference. It can be seen obviously that for the corresponding value of the dipole moment of neutrinos and neutrino charge radius used in calculation, the weak interaction provides the dominant contribution. This fact is consistent with the standard model where the weak interaction dominated the neutrino interaction. But there are also other contributions, namely the electromagnetic interaction and interference, caused by the neutrino electromagnetic form factors, although the effect is not as strong as the weak interaction. This finding is also consistent with the obtained result using T = 0 MeV approximation [6] . Note, for subsequent pictures, the total differential cross-section is presented by taking into account the retardation, Pauli blocking and detailed balance factors.
Before we go deeper into the effects of electromagnetic properties of neutrinos in warm and dense matter, as completeness in Fig. 4 is shown the variation of electron density on the cross-section of neutrino interactions with electrons at two fixed temperatures T = 20 MeV and T = 60 MeV. As we expected that the higher target density used, then the more frequent interaction of neutrinos with the target electrons. Consequently, the closer the constituents one to each other in the matter then the larger the cross-section . Of particular interest is at low temperature, the neutrino cross-section seems more controlled by the increase in pressure and electron density. But at high temperature, the neutrino cross section is more controlled by the temperature rise. So that it is evident in Fig. 4 that the effect of the variations of electron density is more significant at lower temperatures. . μ B . This effect becomes more pronounced for high-temperature electron matters. This is quite consistent with the results of previous studies using T = 0 MeV approximation [6] [7] . After μ v ≥ 5x10 -9 μ B and R v ≥ 5x10 -6 MeV -1 neutrino electromagnetic contribution becomes more significant because the value of the sum of the longitudinal and transverse polarization, which is the most dominant component in the cross section for the electromagnetic contribution, rose significantly. The same reason is also found in the case of multi-component matter where the electrons are only part of them by using T = 0 MeV approximation [6] [7] .
RPA approach and the effective photon mass effect. Effect of RPA correlation for the dense matter with T = 0 MeV and T ≠ 0 MeV based on the standard model neutrino interactions with matter was investigated by the authors in Refs. [9, 22] . The importance of this effect on the transport of neutrinos in supernova collapse and neutron star cooling was discussed [9, 22] . But the calculation of neutrino transport in the matter by including electromagnetic properties of neutrinos and taking into account the RPA correlations at finite temperatures has not been done. Also effective photon mass effect (MPE) in the medium with varied density has not been investigated. Effective photon mass effects have been investigated to determine the neutrino mean free path in the case of supernova r-process nucleosynthesis [18] using constant density approximation. Therefore on this occasion the effect of RPA and MPE was studied, for the case where the electromagnetic properties of neutrinos are taken into account.
The left panel of Fig. 7 shows the RPA correlations which reduce the differential cross-section to about 20% compared to the cross section calculated by linear response approach for T = 0 MeV case, but the effect of MPE is not observed in this case. The right panel of Fig.  7 , it is shown in the case T = 10 MeV, the RPA correlations reduce the cross-section of nearly reached 80% compared to the cross section calculated with the linear response approach. In this case a small contribution of MPE appears to increase the crosssection, especially when the RPA is also taken into μ B are used. The decrease in the crosssection of neutrinos due to the effects of RPA correlations can be understood because the correlations among the electrons cause the electrons become less energetic, especially at high temperature so that the probability of neutrino interactions with electrons is reduced. As the consequence, the cross-section becomes smaller. On the other hand, the damping effect on electromagnetic propagator in the RPA at high temperature due to MPE produces slightly reduction on the RPA contribution. This yields slightly value increase of the cross-section of neutrino.
Conclusion
The effects of neutrino electromagnetic form factors and the importance of the contribution of retardation, detailed balance and the Pauli blocking factors, for neutrino cross-section in dense matter and finite temperature are studied. The many-body effects on the target matter using a random phase approximation and the effective photon mass are also investigated. It is found that the effect of dipole moment is rather sensitive to the differential cross-section and the effect becomes greater when the matter temperature rises. Conversely differential cross-section is less sensitive to changes in the radius of the charged neutrino. The significant effects of the electromagnetic properties of neutrinos on cross-section emerge if the dipole moment of the neutrino μ v ≥ 5x10 -9 μ B and the charge radius of neutrinos R v ≥ 5x10 -6 MeV -1 . Our finding is in agreement with ones that obtained in previous studies using zero temperature approximation. We have found also that the detailed balance factor increase, while the Pauli blocking reduce the magnitude of the differential crosssection. The weak interaction provides the dominant contribution in cross-section. This finding is in consistent with the standard model. The contribution of electromagnetic interaction and interference can be ignored only to the extent that the dipole moment of neutrinos μ v ≤ 5x10 -9 μ B and neutrinos' charge radius of R v ≤ 5x10 -6 MeV -1 . We have also found that the crosssection of neutrino interaction with matter is sensitive in respect to the temperature and density variations. For the later, it is pronounced especially at low temperature, while for the temperature variation case, in addition to detailed balance and the Pauli blocking factors, this effect is also influenced by the fact that the two most dominant polarizations, i.e. the longitudinal and transverse polarizations are very sensitive to temperature changes. Effect of the RPA correlations reduces the differential cross-section for zero and finite temperature. And the influence of MPE is quite marginal for both zero and finite temperatures when compared to one from the RPA, but with rising temperatures MPE effect little by little begin to emerge.
